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ABSTRACT: Reduction of UVI to UIV as the result of direct or indirect microbial
activity is currently being explored for in situ remediation of subsurface U
plumes, under the assumption that UIV solubility is controlled by the lowsolubility mineral uraninite (UIV-dioxide). However, recent characterizations of
U in sediments from biostimulated ﬁeld sites, as well as laboratory UVI
bioreduction studies, report on the formation of UIV species that lack the
UdO2dU coordination of uraninite, suggesting that phases other than uraninite
may be controlling UIV solubility in environments with complexing surfaces and
ligands. To determine the controls on the formation of such nonuraninite UIV
species, the current work studied the reduction of carbonate-complexed UVI by
(1) ﬁve Gram-positive Desulﬁtobacterium strains, (2) the Gram-negative bacteria
Anaeromyxobacter dehalogenans 2CP-C and Shewanella putrefaciens CN32, and
(3) chemically reduced 9,10-anthrahydroquinone-2,6-disulfonate (AH2QDS, a
soluble reductant). Further, the eﬀects of 0.3 mM dissolved phosphate on UIV species formation were explored. Extended X-ray
absorption ﬁne structure (EXAFS) spectroscopy analysis demonstrated that the addition of phosphate causes the formation of a
nonuraninite, phosphate-complexed UIV species, independent of the biological or abiotic mode of UVI reduction. In phosphate-free
medium, UVI reduction by Desulﬁtobacterium spp. and by AH2QDS resulted in nonuraninite, carbonate-complexed UIV species,
whereas reduction by Anaeromyxobacter or Shewanella yielded nanoparticulate uraninite. These ﬁndings suggest that the Grampositive Desulﬁtobacterium strains and the Gram-negative Anaeromyxobacter and Shewanella species use distinct mechanisms to
reduce UVI.

’ INTRODUCTION
Power generation, nuclear weapons production, and weathering of uranium-containing natural minerals has resulted in
widespread uranium contamination of aquatic and terrestrial
environments.13 Under oxic conditions uranium is typically
present as uranyl UVIO22+, a form that is generally soluble and
mobile in groundwater. Uranium solubility is signiﬁcantly lower
in the presence of phosphate because of uranyl phosphate
precipitation or under reducing conditions that favor transformation of UVI to sparingly soluble UIV species such as uraninite.4 In
subsurface environments, a variety of redox and complexation
reactions can occur, so the mobility of uranium will be controlled
by many interconnected processes. Regardless of the immobilization pathway, it is important to identify the immobilized
uranium species, because their distinct properties will aﬀect
uranium stability and mobility. Current U transport models
r 2011 American Chemical Society

assume the formation of uraninite when accounting for reduced
UIV species.5 However, a recent study examining U speciation in
biostimulated ﬁeld-site sediments determined a mixture of uraninite
and Fe-associated UIV species in the reduced U fraction.6
Many dissimilatory metal-reducing bacteria (DMRB) have
been shown to reduce UVI under anoxic conditions and therefore
can aﬀect U fate and mobility in subsurface environments. Both
Gram-positive and Gram-negative UVI reducing bacteria, such as
Desulﬁtobacterium and Anaeromyxobacter, have been identiﬁed at
ﬁeld sites.7,8 The known diﬀerences between the cell envelopes
of Gram-positive and Gram-negative bacteria have been
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Table 1. Final U Concentrations in the Solution Phase and UIV/Utotal Ratios in the Solid Phasea
reductant

reaction (days)

UVI ﬁnal (μM)b

UIV/Utot (%)c

UIV speciationd

Phosphate-Amended Medium
Desulﬁtobacterium, Co23

14

7 (7%)

>95

UIV-phosphate

Desulﬁtobacterium, JW/IU-DC1

16

6 (6%)

>95

UIV-phosphate

Desulﬁtobacterium, JH1

17

13 (13%)

>95

UIV-phosphate

Desulﬁtobacterium, PCE1

18

5 (5%)

>95

UIV-phosphate

Desulﬁtobacterium, Viet1

20

22 (22%)

>95

UIV-phosphate

Anaeromyxobacter, 2CP-C

15

nd (0%)

>95

UIV-phosphate

Shewanella, CN32

17

nd (0%)

>95

UIV-phosphate

AH2QDS
no reductant (control)

4
14

19 (19%)
89 (89%)

>95


UIV-phosphate

Desulﬁtobacterium, Co23

14

58 (58%)

>95

62% UIV-carbonate/38% nano-uraninite

Desulﬁtobacterium, JW/IU-DC1

12

79 (79%)

>95

62% UIV-carbonate/38% nano-uraninite

Desulﬁtobacterium, JH1

15

51 (51%)

>95

62% UIV-carbonate/38% nano-uraninite

Desulﬁtobacterium, PCE1

12

72 (72%)

>95

62% UIV-carbonate/38% nano-uraninite

Desulﬁtobacterium, Viet1

12

75 (75%)

>95

62% UIV-carbonate/38% nano-uraninite

Anaeromyxobacter, 2CP-C
Shewanella, MR-1f

15
110

69 (92%)
nd (0%)

>95
>80

100% nano-uraninite
100% nano-uraninite

AH2QDS

4

56 (56%)

>95

62% UIV-carbonate/38% nano-uraninite

no reductant (control)

14

94 (94%)



e

Phosphate-Free Medium

Phosphate medium = 290 μM phosphate. nd = none detected, < 0.1 μM. b Added UVI concentration was 100 μM, except for Anaeromyxobacter (75
μM). Final UVI concentrations in 0.22-μm ﬁltrates. The percentage of the added U that remained in solution is shown in parentheses. Concentrations are
reported as the average from triplicate ICP-OES measurements. Standard deviation among the three measurements was 0.10.3 μM. c Percentage of
solid-phase U as UIV from XANES. d In 4.0 mM phosphate medium. e Experiments performed in 4 mM phosphate-amended medium. f Results from
Burgos et al.19
a

hypothesized to result in diﬀerent electron transfer mechanisms,9
which in turn suggests the possibility of distinct UIV species
formation. UVI reduction has been studied in Gram-negative
bacteria such as Geobacter spp., Shewanella spp., and Anaeromyxobacter spp.8,1013 Fewer studies have investigated UVI reduction
by Gram-positive bacteria such as Clostridium, Desulﬁtobacterium,
Desulfosporosinus, and Desulfotomaculum.7,1417 Under diverse
solution conditions, uranyl reduction by Shewanella, Anaeromyxobacter, and Geobacter spp. results in the formation of nanoparticulate uraninite (nano-uraninite).1821 The formation of nanouraninite has been established by transmission electron microscopy/selective area electron diﬀraction and/or by the amplitude
of the UU coordination peak in uranium LIII-edge extended
X-ray absorption ﬁne structure (EXAFS) spectra.16,18,19,2224
However, in several studies with Gram-positive bacteria the
UU peak in the EXAFS spectra was not pronounced, suggesting the presence of UIV species that are diﬀerent from those
found in uraninite.7,15,16,25,26 A previous study reported a lack of
UU coordination between the UIV atoms produced by Desulﬁtobacterium isolates, but the ligand coordination could not be
conclusively established.7
In the current study, the atomic coordination of UIV produced
biotically and abiotically in phosphate-free or phosphateamended medium was investigated. The biotic reduction pathway was examined with ﬁve Desulﬁtobacterium strains, Shewanella
putrefaciens CN32, and Anaeromyxobacter dehalogenans 2CP-C,
whereas the abiotic UIV species were produced in solution by
using 9,10-anthrahydroquinone-2,6-disulfonate (AH2QDS, a
soluble reductant carrying two electron equivalents). The goals
were (1) to establish the eﬀect of solution composition on UIV

species formation, (2) to assign weak or overlapping EXAFS
spectral features to ligand coordination by comparing nonuraninite UIV species produced under distinct conditions, and (3) to
compare the UIV products formed by Gram-positive Desulﬁtobacterium and Gram-negative Anaeromyxobacter species and
assess whether any diﬀerences can be related to UVI reduction
mechanisms. These bacterial species were chosen as Grampositive and Gram-negative representatives identiﬁed at ﬁeld
sites, and S. putrefaciens CN32 was included for comparison to a
broadly studied bacterium.

’ MATERIALS AND METHODS
Experimental Procedures. Desulfitobacterium chlororespirans
strain Co23, Desulfitobacterium dehalogenans strain JW/IU-DC1,
Desulfitobacterium hafniense strain JH1, Desulfitobacterium strain
PCE1, and Desulfitobacterium strain Viet1 were inoculated into
30 mM bicarbonate-buffered medium (pH 6.8) containing
10 mM pyruvate, 290 μM KH2PO4, 100 μM CaCl2, and trace
minerals.7 Cultures were incubated until visibly turbid and then
amended with an additional 10 mM pyruvate and 100 μM UVI
and incubated for 1420 days. Replicate cultures were established with phosphate-free medium (same medium composition
without KH2PO4), but traces of phosphate sufficient for growth
were transferred with the inocula. Experiments with A. dehalogenans strain 2CP-C were conducted similarly in 30 mM bicarbonate-buffered medium amended with 5 mM acetate, 10 mM
fumarate, and 75 μM UVI, incubated for 14 days. Controls used
the same mineral salts medium amended with 100 μM UVI but
without bacteria and electron donor. Duplicates of the controls
8337
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were subsequently used for abiotic reduction experiments with
1 mM AH2QDS. Independent experiments exploring UVI
reduction by resting cells of S. putrefaciens strain CN32 were
performed in 30 mM bicarbonate medium with and without
4 mM phosphate. Uranium concentrations in filtrates (0.22 μm)
were measured by inductively coupled plasma-optical emission
spectroscopy using a Perkin-Elmer 4300DV ICP-OES. More
detailed procedures are described in the Supporting Information.
Uranium Characterization. Uranium LIII-edge X-ray absorption near-edge structure (XANES) and EXAFS analyses were
performed at the MRCAT/EnviroCAT beamline,27 Advanced
Photon Source, Argonne National Laboratory. Insoluble U
species are operationally defined here as U in phases that did
not pass through a 0.22-μm membrane filter, which may include
U in smaller particles that have either agglomerated, adhered to
larger particles, or adhered to the membrane itself. The filtered
hydrated solids were immediately sealed between layers of
Kapton film inside an anoxic glovebox. Samples were transferred
to a N2-purged chamber for room-temperature EXAFS measurements. The beamline undulator was tapered and the incident
energy was scanned by using the Si(111) reflection of a doublecrystal monochromator. Energy calibration was maintained by
the simultaneous collection of spectra from uranyl phosphate.
UVI and UIV standards used in the analysis were carbonatecomplexed UVI in solution and a nonuraninite UIV produced by
reaction of UVI with green rust (XANES standards), crystalline
uraninite diluted in SiO2,28 and previously characterized nanouraninite produced by S. putrefaciens CN32 or green rust.19,22
Additional details are provided in the Supporting Information.

’ RESULTS AND DISCUSSION
Soluble UVI. In phosphate-amended media, Shewanella, Anae-

romyxobacter, and Desulfitobacterium spp. removed >80% of the
initial UVI dose after 1420 days (Table 1). Previous work with
Desulfitobacterium spp. in phosphate-amended media demonstrated attainment of steady state U concentrations after 9 days.7
In contrast, no more than 50% of UVI was removed in phosphatefree media after 1215 days. The observed small deviations in
removed UVI within each treatment are presumably due to slight
differences in cell densities, reduction rates, and/or reaction
times that were not normalized between the experiments with
different Desulfitobacterium strains. UVI was also removed from
solution by AH2QDS, with more UVI removed in phosphateamended than in phosphate-free medium. The observed effect of
phosphate on UVI removal in the presence of reductants is
discussed after presentation of the results on the valence of
solid-associated U (below). Less than 12% of UVI was removed
from solution in uninoculated, AH2QDS-free controls over the
same period, with slightly larger amounts of UVI removed in
phosphate-containing controls. The latter indicates very limited
formation of UVI-phosphate precipitates in the presence of
30 mM dissolved bicarbonate, consistent with solubility calculations for uranyl phosphate, uranyl hydrogen phosphate, and
autunite minerals (Supporting Information, section 11).
XANES and EXAFS Analysis of the Insoluble Uranium
Species. XANES spectra of solid-phase U from Desulfitobacterium incubations in phosphate-free medium are shown in
Figure 1A. Solid-phase U recovered from all five Desulfitobacterium strains yielded similar spectra matching the nonuraninite UIV
XANES standard. The XANES spectra of U precipitated by
AH2QDS also indicated UIV in the solid phase (Figure 1B). Parts

Figure 1. Uranium LIII-edge XANES data obtained from biotic and
abiotic systems (black lines) compared to UIV and UVI standards (gray
symbols). In all cases, the dark lines overlie each other and the UIV
standard. (A) Desulﬁtobacterium cultures in phosphate-free medium. (B)
AH2QDS in phosphate-free and phosphate-amended medium. (C) A.
dehalogenans 2CP-C in phosphate-free and phosphate-amended medium. (D) S. putrefaciens CN32 in phosphate-free and phosphateamended medium.

C and D of Figure 1 respectively show XANES spectra of U
precipitated by Anaeromyxobacter and Shewanella. The spectra
overlie the UIV standard but show slight postedge differences
between phosphate-free and phosphate-amended media incubations. These differences are related to the presence or absence of
UU coordination between the UIV atoms (see EXAFS analysis
below) and could be used for identification of uraninite vs
nonuraninite UIV based on XANES data alone. XANES analysis
of samples from our previous work with phosphate-amended
Desulfitobacterium cultures also indicated the precipitation of UIV
species.7 In summary, XANES data indicated reduction to UIV in
all systems (Table 1). Phosphate increased the extent of UVI
removal from solution, but precipitation as UIV was observed in
both phosphate-free and phosphate-amended incubations. Unreduced UVI-phosphate precipitates were not observed in any of
the studied systems.
Figure 2A shows Fourier-transformed (FT) EXAFS data from
UIV generated by the Desulﬁtobacterium cultures in phosphatefree medium. The spectra overlie each other, indicating that
identical UIV species were generated by all ﬁve Desulﬁtobacterium
strains. The diﬀerences from the uraninite standard are in the
amplitude of the ﬁrst O shell at R + Δ = 1.75 Å (feature “a”) and
8338
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Figure 2. Fourier transforms of k3-weighed EXAFS data over the range Δk = 2.010.2 Å1 and a Hanning window of 1.0 Å1. The features noted by
lower-case letters are discussed in the text. (A) UIV produced by ﬁve Desulﬁtobacterium strains in phosphate-free medium (black lines) compared to a
uraninite and a nano-uraninite standard (gray). (B) UIV produced by reduction with Desulﬁtobacterium sp. and AH2DS in phosphate-amended
(symbols) and in phosphate-free (lines) medium. (C) UIV produced by reduction with S. putrefaciens CN32 in phosphate-amended (symbols) and
phosphate-free (line) medium. (D) UIV produced by reduction with A. dehalogenans 2CP-C in phosphate-amended (symbols) and phosphate-free (line)
medium.

the amplitude of the doublet at R + Δ = 3.04.0 Å, where the U
shell at R = 3.87 Å contributes (feature “c”). A shoulder to the
right of the main peak (feature “b”) is also visible in the spectra of
solid-phase U from Desulﬁtobacterium cultures in phosphate-free
medium (detailed view in Figure S4, Supporting Information).
The UU feature c is much smaller in spectra from Desulﬁtobacterium cultures than in spectra from the uraninite standards. A
decrease of approximately 50% in the amplitude of feature c in
nano-uraninite relative to bulk uraninite (Figure 2A) occurs
when uraninite is in the form of 25 nm particles.18,19 The
much smaller amplitude of feature c in spectra from Desulﬁtobacterium cultures suggests that only a fraction of the UIV atoms
are present as nano-uraninite, the predominant solid-phase UIV
being a species that lacks the UdO2dU coordination of
uraninite.
Figure 2B compares data from UIV produced in phosphatefree and phosphate-amended media, both in Desulﬁtobacterium
cultures and in abiotic incubations with AH2QDS. Only one
biotic spectrum is shown for each phosphate condition because
all ﬁve Desulﬁtobacterium strains produced essentially identical
UIV spectra in each treatment. Small but consistent diﬀerences
were observed between UIV produced in phosphate-free and
phosphate-amended media (Figure 2B). The diﬀerences are
signiﬁcant, because their amplitudes are larger than the noise
in the spectra, as well as larger than the scatter between ﬁve
separate measurements on samples from ﬁve Desulﬁtobacterium
strains (see Figure 2A for phosphate-free and Figure 3B in
Fletcher et al.7 for the phosphate-amended condition). The
spectral diﬀerences suggest that (1) diﬀerent atomic environments are present around UIV in phosphate-free and phosphateamended media (features “d” and “e”; details in Figure S4,
Supporting Information); (2) an additional atomic shell is

present around UIV atoms produced in phosphate-amended
incubations (FT peak at 2.7 Å, feature “f”), but not around UIV
atoms produced in phosphate-free incubations; and (3) an
additional atomic shell is present around UIV atoms produced
in phosphate-free medium (FT amplitude at 3.6 Å, feature “g”),
but not around UIV atoms produced in phosphate-amended
medium. Qualitative analysis of feature g suggested that it was
due to a small U shell contribution (assumed to result from a
fraction of the U atoms being in the nano-uraninite structure and
quantiﬁed below), whereas no U contribution was seen in spectra
from phosphate-amended samples (Figure S3, Supporting Information). Analysis of the EXAFS data revealed that the highfrequency features seen with uraninite were not visible in spectra
from the Desulﬁtobacterium or AH2QDS systems; a small phase
shift was evident in the range 47 Å1 between the phosphatefree and phosphate-amended samples, corroborating the formation of diﬀerent nonuraninite UIV species under the two conditions (Figure S1, Supporting Information).
The UIV species generated in Desulﬁtobacterium cultures and
in AH2QDS incubations were compared to those produced in
Shewanella and Anaeromyxobacter cultures (Figure 2C,D). In
phosphate-free medium both Shewanella and Anaeromyxobacter
cultures produced nano-uraninite, as has been observed
previously.8,18,19 In phosphate-amended samples, the U peak at
3.6 Å vanished and a peak similar to feature f in the phosphateamended Desulftibacterium cultures (see Figure 2B) appeared,
suggesting a similar coordination environment of the UIV atoms
in all phosphate-amended cultures. The data for Shewanella
and Anaeromyxobacter demonstrate that these bacteria formed
uraninite in phosphate-free medium and a nonuraninite UIV
species in phosphate-amended medium. The spectral diﬀerences
between the phosphate-amended systems in Figure 2C,D are likely
8339
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Figure 3. Fits of the EXAFS data obtained from bioreduced UIV species.
The ﬁt paths and parameters are listed in Table S2, Supporting
Information. The contributions of some atomic shells are noted. The
circles indicate measured data, and the lines indicate the best ﬁt. (A)
Numerical reproduction of the UIV-carbonate spectrum ﬁt in Hennig
et al.32 (B) Data and ﬁt for the nano-uraninite standard. (C) Desulﬁtobacterium sp. without phosphate ﬁtted with the nano-uraninite model.
(D) Desulﬁtobacterium sp. without phosphate ﬁtted with the combined
UIV-carbonate and uraninite model. (E) Desulﬁtobacterium sp. with
phosphate ﬁtted with the nano-uraninite model. (F) Desulﬁtobacterium
sp. with phosphate ﬁtted with a UIV-phosphate model.

due to the diﬀerence in phosphate concentrations (i.e., 4.0 mM for
Shewanella vs 0.3 mM for Anaeromyxobacter), suggesting that
future work should explore the eﬀects of high phosphate concentrations on solid-phase UIV formation. Phosphate concentrations
in the millimolar range have been observed as a result of
phosphatase activity of bacteria isolated from ﬁeld-sites during
incubations aimed at UVI-phosphate precipitation.29,30 For the
remainder of this work, only Desulﬁtobacterium and Anaeromyxobacter are compared, because they were incubated under similar
low-phosphate solution conditions. The Gram-positive Desulﬁtobacterium cultures and the Gram-negative Anaeromyxobacter cultures produced the same nonuraninite UIV species in phosphateamended medium. In phosphate-free medium Anaeromyxobacter
formed nano-uraninite, whereas a nonuraninite UIV species was
produced in Desulﬁtobacterium cultures.
Numerical ﬁts to the EXAFS data were based on a model that
reproduced well the spectrum from nano-uraninite (Figure 3B
and Supporting Information, section 6). The UU coordination
number of this O and U shell “nano-uraninite model” was reﬁned
in all samples to quantify the proportion of nano-uraninite in the
solid phase. A ﬁt of the spectrum from UIV produced in
phosphate-free medium with the nano-uraninite model is shown
in Figure 3C (for more details see Figure S7, Supporting
Information). The U shell contribution suggested by the qualitative analysis is seen in the small but nonzero UU coordination number (1.3 ( 0.7, Table S2C). The UU coordination is
much smaller than in the nano-uraninite standard (5.0 ( 1.9),
thus corroborating that the dominant UIV species produced in
phosphate-free medium was not nano-uraninite. The ﬁt in
Figure 3C demonstrates that an O shell alone is not suﬃcient

ARTICLE

to reproduce the shoulder on the right-hand side of the main
peak, suggesting the presence of atoms from a complexing ligand
in the UIV environment. Adsorption of UIV to sites on the cell
surface (which are abundant and ionized at circumneutral pH31)
could be excluded because identical spectra were obtained with
samples from the Desulﬁtobacterium cultures and from the sterile,
AH2QDS-amended system (Figure 2B). The presence of bicarbonate in the media suggested the possibility of UIV-carbonate
complexation in the solid phase. As described in the Supporting
Information (section 7), a good ﬁt of the spectrum obtained from
UIV in phosphate-free medium systems was produced with a
linear combination of the nano-uraninite model and a model
based on the structure of UIV-carbonate32 (Figure 3D and Table
S2, Supporting Information). The reﬁned fraction of the UIVcarbonate spectral component was x = 0.62 ( 0.12 (Table S2,
Supporting Information) suggesting that a signiﬁcant portion
(62% ( 12%) of the atoms resulting from UVI reduction by
Desulﬁtobacterium or AH2QDS in phosphate-free medium are
present as a carbonate-complexed UIV species.
A “nano-uraninite model” ﬁt of the spectrum obtained from
UIV in phosphate-amended systems is shown in Figure 3E, with
additional details presented in Table S2-E and Figure S8
(Supporting Information). The obtained UU coordination
number of 0.6 ( 0.8 is consistent with 0 and conﬁrms that
nano-uraninite was not present as a signiﬁcant phase in the
system. Previous work demonstrated that the structure between
R + Δ values of 2.5 and 3.5 Å (feature f) can be reproduced
equally well by a combination of two O or two P shells.7 This
ambiguity was resolved in this study by comparisons with
experiments in phosphate-free medium. The fact that the FT
peak around R + Δ = 2.7 Å was apparent in nonuraninite spectra
only in the presence of phosphate suggests that this signal was
due to P atoms from UIV-phosphate complexation. The best ﬁt of
the spectrum was obtained with a model based on the structure of
ningyoite, a CaUIV(PO4)2 mineral33 (Figure 3F and details in
Figure S11 and Table S2F, Supporting Information). The
ningyoite structure consists of UIV atoms in monodentate and
bidentate bonds to phosphate groups (Figure S7, Supporting
Information).
Phosphate Controls UIV Species Formation. UVI bioreduction studies with Shewanella, Anaeromyxobacter, and Geobacter
spp. commonly report nano-uraninite as the product from resting
cell incubations in phosphate-free medium.8,10,12,1820,34,35 Electron
microscopy in these previous studies showed nano-uraninite localized in the periplasm or associated with extracellular polymeric
substances, and the U peak at R + Δ = 3.6 Å was evident in the
EXAFS data. Recent work demonstrated that nano-uraninite produced by Shewanella oneidensis MR-1 did not dissolve significantly in
1 M bicarbonate solution,36 suggesting that biogenic nano-uraninite
does not contain significant nonuraninite species (on the basis of a
bicarbonate extraction test37).
The results of the current study corroborate the formation of
uraninite by Shewanella and Anaeromyxobacter spp. in phosphatefree medium. However, the addition of phosphate prevented the
formation of uraninite and caused the formation of a UIVphosphate species. At low phosphate:uranium molar ratios
(3:1), the Gram-positive Desulﬁtobacterium strains, the Gramnegative Anaeromyxobacter, and the soluble reductant AH2QDS
produced the same nonuraninite UIV-phosphate species. Abiotic
UVI reduction experiments with FeII as the reductant also showed
that phosphate:uranium molar ratios as low as 1:1 can change the
UIV product from uraninite to phosphate-complexed UIV.38
8340
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Figure 4. Proposed mechanisms of uranyl reduction in A. dehalogenans and Desulﬁtobacterium sp., based on the observed UIV products and the state of
knowledge on electron transfer mechanisms and locations of reduced U in Gram-positive and Gram-negative bacteria. Spatial locations are schematically
delineated on the axes to the left and right. Dashed arrows indicate tentative electron transfer pathways. CM = cytoplasmic (inner) membrane and
OM = outer membrane.

These ﬁndings indicate that small amounts of phosphate can
have a controlling eﬀect on UIV speciation. Elevated phosphate
concentrations are relevant to U in natural environments containing phosphate minerals (e.g., apatite),39 in phosphate-bearing permeable reactive barriers,40,41 or as the result of cell
phosphatase activity in cells.26,29,30,42 The signiﬁcance of UIVphosphate formation is that nonuraninite UIV species may
behave diﬀerently in the subsurface (e.g., be released more easily
into solution than uraninite).37 Evidence of UIV-phosphate
formation during bioreduction of UVI is accumulating7,15,25,26,43
and its role in controlling U mobility in the subsurface will need
to be addressed. Interestingly, the mineral ningyoite [CaUIV(PO4)2] in uranium ores is formed under more oxidizing
conditions than is uraninite or coﬃnite.44 This suggests that
UIV-phosphate species might be the ﬁrst to form in phosphatecontaining systems when conditions shift from oxidizing to
reducing. Besides aﬀecting the speciation of UIV, the presence
of phosphate also increased the extent of UVI removal from
solution in both the biotic and abiotic systems in this study
(Table 1). In biotic systems, it is not clear whether the eﬀect of
phosphate was (1) to facilitate the electron transfer reaction
“reactants f products” by changing the speciation of the
reactants and/or products or (2) to facilitate bacterial metabolism and consequently increase UVI reduction rates. UVI speciation in biotic systems is complex due to the presence of the
bacterial surfaces, and it is not known whether electrons are
transferred to the soluble or adsorbed UVI species. Some insight
on the reducibility of dissolved UVI species in the presence of
phosphate can be obtained from the abiotic experiments with
AH2QDS as the reductant. The extent of abiotic removal of UVI
from solution by AH2QDS was larger in the presence than in the
absence of phosphate (Table 1), suggesting either that UIVphosphate species are formed more easily or that UVI-phosphate
species are reduced more easily by AH2QDS.
The UIV Product in Phosphate-Free Media Is Indicative of
the UVI Reduction Mechanism. The formation of any U species
is controlled by the local chemical conditions where the reactions
take place (e.g., pH, metal and ligand concentrations, ionic
strength). These conditions could be different near a cell relative

to the known solution composition. The concentrations of ions
in the electrostatic double layer near a cell surface can differ from
those in the bulk matrix, and diffusion limitations near the
bacterial surface may prevent equilibration with the bulk
solution.45 The observed differences between the UIV species
produced by Anaeromyxobacter and by the Desulfitobacterium
strains in the same phosphate-free medium suggest UIV formation under presumably different chemical conditions at different
locations (e.g., at or near the cell wall or in the bulk solution),
which in turn suggests differences in the biomolecular mechanism involved in electron transfer to UVI.
Some insight may be obtained from the cell wall architecture.
Both Gram-positive and Gram-negative cells carry negatively
charged groups on the exterior, suggesting anion depletion in the
solution layer near the surface.46 The predominant UVI species in
bicarbonate solutions is the negatively charged UVI-triscarbonato
complex (Figure S14, Supporting Information). Proximity of
UVI-carbonate species and of carbonate anions to a negatively
charged surface is discouraged by electrostatic repulsion, so the
environment near the cell surface is likely to contain a larger
proportion of the less-complexed neutral or positively charged
UVI species. The reduction of a carbonate-free uranyl in the
anion-depleted environment of the cell surface would likely yield
free UIV ions that can form uraninite, as observed here for
Anaeromyxobacter and as typically observed with Shewanella
and Geobacter spp.18,19,34,35 Although the presence of Ca2+ can
lead to the formation of neutral UVI-carbonate complexes that
would not be aﬀected by electrostatic repulsion, electron transfer
to these stable, fully complexed species is inhibited.47,48 The
hypothesis of carbonate-free UVI adsorption to the cell is also
supported by abiotic UVI sorption experiments to a carboxyl
surface. No diﬀerences were observed between the EXAFS
of UVI adsorbed to a carboxyl surface in the presence or absence
of up to 30 mM bicarbonate (Supporting Information, Figures
S12 and S13), Although bicarbonate exerted signiﬁcant control
on the partitioning of UVI between the solution and the solid
phase, the EXAFS spectra of the UVI species remaining on the
surface were identical to that observed in the carbonate-free
system.
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In contrast, if UVI reduction was occurring in the aqueous
phase, then the solution composition would control the UIV
product. In the absence of phosphate and surfaces, soluble UVI
reduction by AH2QDS (a soluble reductant) was shown here to
result in the formation of nonuraninite UIV species. The fact that
under the same bulk solution conditions UVI reduction in the
diﬀerent Desulﬁtobacterium cultures resulted in the same UIV
species as soluble UVI reduction with AH2QDS suggests that
electrons were transferred to the dissolved UVI species rather
than to the UVI species at or near the surface of Desulﬁtobacterium. The hypothesized diﬀerences in UVI reduction mechanisms
between Anaeromyxobacter and the Desulﬁtobacterium strains
may be explained by the diﬀerent structures of Gram-negative
and -positive cell walls. Gram-negative bacteria have outer
membrane reductases exposed to the solution allowing direct
electron transfer to both soluble and insoluble electron
acceptors.21,49 In contrast, Gram-positive bacteria lack electron
transport proteins at the outer surface, leading to the postulation
of soluble mediator involvement in electron transfer to insoluble
acceptors.9 Utilization of mediators for electron transfer by
Desulﬁtobacterium spp. has been demonstrated by the generation
of electricity in microbial fuel cells only in the presence of a
soluble electron mediator.50 UVI was provided predominantly as
a soluble, carbonate-complexed species in all cultures in the
current study, with no obvious hindrance for dissolved UVI to
reach the cell-wall reductases. The observed diﬀerences in UIV
products might have resulted from Anaeromyxobacter being able
to reduce UVI only via direct contact with reductases at the
surface,8 whereas indirect, mediator-dependent UVI reduction
likely occurred in the Desulﬁtobacterium cultures. The mechanisms described above are illustrated in Figure 4, with a focus on
the location of electron transfer to the UVI species as inferred
from the obtained UIV products and the distinct cell wall
architectures. The proposed electron transfer pathways are based
on the state of knowledge of electron transfer in DMRB and the
location of the precipitated U in Gram-positive and Gramnegative bacteria.8,9,20,21,49 More detailed studies are warranted
to elucidate the mechanistic and molecular diﬀerences in DMRB.
The diﬀerent UVI reduction mechanisms illustrated in Figure 4
are largely consistent with the general diﬀerences in cell envelope
architecture between Gram-positive and Gram-negative bacteria;
thus, similar mechanisms may be governing UVI reduction in
other Gram-positive and Gram-negative bacteria. The formation
of uraninite by many Gram-negative bacteria is well-established.
UVI reduction by spores of the Gram-positive Desulfotomaculum
reducens demonstrated that ﬁltered medium from vegetative cells
is necessary for UVI reduction to occur, suggesting the involvement of a low molecular weight redox mediator.51 An electron
shuttle mechanism might also be operable in the reduction of UVI
by Clostridium spp. Citrate complexation prevented both UVI
sorption to the cell surface and UIV precipitation,14 suggesting
that electron transfer occurred without contact between the cell
and UVI. The manifestation of diﬀerent UVI reduction mechanisms might not always be clearly delineated along Gram stain and
cell wall structure. Growth conditions could result in a change
from mediated to direct contact reduction mechanisms or vice
versa, or speciﬁc solution conditions (e.g., high ionic strength)
could alter the ionic composition near the cell surface so that UIV
atoms reduced at the surface are no longer produced in an
environment depleted of solution ligands. For instance, the
strong eﬀect of phosphate observed in this and other studies
suggests that, regardless of the pathway of UIV production, the
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presence of phosphate determines the formation of UIV-phosphate species. Additionally, Marshall et al.8 showed electron
donor dependence of the reduction rate and the morphology of
nano-uraninite produced by A. dehalogenans 2CP-C and proposed that diﬀerent cell envelope UVI reductases could be
operable under diﬀerent electron donor conditions. Finally, S.
oneidensis MR-1 has been shown to produce and utilize electron
shuttles under speciﬁc conditions.52 The results of the current
study demonstrate that determining the coordination environment of reduced UIV atoms provides insight into the chemical
conditions of their formation, from which the mechanism of
electron transfer to UVI can be inferred.
Implications for Uranium Bioremediation. The biogenic
precipitation of UIV in species other than uraninite raises relevant
questions for predicting the mobility and fate of uranium in
contaminated subsurface environments. UraniumIV-phosphate
minerals appear to form under more oxidizing conditions than
does uraninite in natural ores,44 so phosphate complexation may
provide a more facile way of reducing UVI. However, the solubility of UIV complexed by ligands will likely be greater than that
of uraninite.37 Different reoxidation and resolubilization rates
have been observed for nano-uraninite vs bulk uraninite,16,24,53
so UIV-carbonate and UIV-phosphate species are also likely to
have specific remobilization properties. Detailed knowledge of
the properties of UIV species is required to predict the postreduction stability of UIV. Our ongoing UVI reduction studies
with sediments from the Oak Ridge National Laboratory field
site showed that EXAFS spectra of UIV in biostimulated laboratory reactors and in extracted sediments after field-scale biostimulation do not have the diagnostic UU peak and are not
nano-uraninite.54,55 The UIV products and reduction mechanisms identified here are therefore relevant to the detection and
fate of reduced uranium in natural and engineered environments.
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